Following the Mass Mortality Events (MMEs) of the pen shell P. nobilis in Campania region and Sicily, a survey of moribund P. nobilis specimens was also conducted in other Italian regions (Campania, Tuscany, Sardinia, and Apulia) and Spain (Catalunya). Histopathological and molecular examination of 27 specimens of P. nobils revealed different types of pathogens associated with tissue lesions, morbidity and mortality. Presence of Mycobacterium, Vibrio species, Haplosporidium pinnae and Perkinsus sp. were detected, differently distributed into the areas. The Mycobacterium sp., previously reported in Campania and Sicily samples, was observed in all the analyzed areas and individuals, associated to systemic inflammatory lesions. In Spain, H. pinnae was observed in 36% of cases, always associated to the Mycobacterium sp. Molecular study using hsp65 genes and Internal Transcriber Spacer ITS support that a new species of Mycobacteria is infecting P. nobilis, close to M. triplex and belonging to the group of M. simiae complex with M. sherrisi. Presence of Perkinsus spp. resembling P. mediterraneus was observed in 2 out of 13 Italian individuals whose presence should be addressed as potential risk for shellfish aquaculture of the area. Vibrio spp. were also detected in some case. The preliminary results of this study suggest that Mycobacterium sp., Vibrio spp., H. pinnae and Perkinsus sp. cooperate to disease pathogenesis, being Mycobacterium and Haplosporidium most of the time involved. Vigilant inspection of those areas where MME is now starting, along with continuous systematic surveys, are crucial to define the spatiotemporal progress of mortality and the role of every single pathogen in the disease outcome.
INTRODUCTION
The co-occurrence of different pathogens in the context of aquatic animals disease has received little attention so far, even considering that this condition is common in human and fish pathology and critical to understand disease dynamic (Bakaletz, 2004; Griffiths et al., 2011; Johnson and Hoverman, 2012) . The interactions in the same host of different protozoan species, along with bacteria and viruses, are reported in literature with a dramatic effect in disease susceptibility (Cox, 2001; Lassalle et al., 2007; Arzul et al., 2012) . Co-infection can in fact alter the progression and the severity of disease pathogenesis and clinical outcomes, also influence the spread of infections at population level and bring to animal outbreaks, as described in coral, fish and bivalves (Lassalle et al., 2007; Arzul et al., 2012; Kotob et al., 2016; Tracy et al., 2018) . The little consideration given to this aspect is due by the fact that the interaction between pathogens is complex and pathogenesis hard to understand. Moreover, even if MMEs in aquatic animals are increasing, like in the case of sea star wasting disease impacted marine communities recently, studies on marine disease still results as a neglected and emerging field (Hewson et al., 2014; Carella et al., 2015; Fey et al., 2015) . During episodes of co-infection, interactions between the infectious agents can bring to varied outcomes: the weight of one or both the pathogens may be amplified, one or both may be suppressed or one may be amplified and the other suppressed (Johnson and Hoverman, 2012) .
Since 2016, numerous mortality events of P. nobilis have been reported in the Mediterranean Sea reaching up to 100% of the population in many areas like Italy, Greece and Spain (Catanese et al., 2018; Carella et al., 2019; Katsanevakis et al., 2019) . At first, an Haplosporidian parasite, named Haplosporidium pinnae, was designated as the solely responsible for the mortality (Catanese et al., 2018) . After that, a mycobacterial infection has been also associated to the disease outcome , while Vibrio mediterranei appears to cause major mortality among stabled individuals in Spain, possibly associated to animal stress in captivity (Prado et al., 2019) . Mycobacteriosis is a chronic, systemic, progressive and frequently lethal disease affects a wide range of terrestrial and aquatic teleost fishes (Ross, 1970; Gauthier and Rhodes, 2009 ). The mycobacteriaceae family includes severalgroups of species:
(1) the Mycobacterium tuberculosis complex (MTBC) including species that are pathogenic to humans, wild and domesticated mammals (M. tuberculosis, M. bovis, M. africanum) which cause Tuberculosis (TB); and (2) Non-Tuberculous Mycobacteria (NTM), consisting on free-living organisms, ubiquitous in the environment and saprophytic habit and that can cause a wide range of infections both in humans and animals from different environments (Porvaznik et al., 2017; Honda et al., 2018) . NTM infections are among the most common chronic disease of aquatic animals (Gcebe et al., 2018) . In the aquatic environment, at present, there are over 167 species of freshwater and marine fishes described as susceptible to Mycobacteria (Bruno et al., 1998; Jacobs et al., 2009) . Haplosporidian parasites (phylum Haplosporidia) are a small group of four genera of pathogenic protozoan parasites usually with uninucleated spores. They infect molluscs including commercially important bivalves and other molluscs, annelids, crustaceans, ascidians, trematodes, turbellarians (Arzul and Carnegie, 2015) . This phylum contains 52 described species and several unnamed species reported in the four genera (Burreson and Ford, 2004) . After a recent study reporting mortality episodes of P. nobilis in the Campania region associated to a mycobacterial disease , the aim of this work is to evaluate the geographic spreading of the mycobacteriosis and its cooccurrence with H. pinnae and other pathogens in other parts of Mediterranean Sea, in particular in different regions of Italy (Campania, Tuscany, Apulia, and Sardinia), and one region in Spain (Ebro Delta, Catalunya).
Moreover, in order to characterize the mycobacteria species, we used the conserved genes hsp65 and the 16S-23S internal transcribed spacer region (ITS) (Kim et al., 2005a; Mohamed et al., 2005) . Primary surveillance systems based on a rapid identification of pathogens are critical for effective disease control and for improving epidemiological assessments (De Vico and Carella, 2019) . The conventional detection of mycobacteria can be done through microscopic examination for acid-fast bacilli by Ziehl-Neelsen (ZN) stain in smear samples and histopathology (Koch and Cote, 1965) . In this study, we also investigated the application of an in situ hybridization (ISH) as diagnostic assay and discriminating it from other acid-fast mycobacteria in aquatic environment. In Campania Region, in the context of the Marine Strategy of Marine Protected Areas (D.M. 22 del 11/02/2015) (Italy) the percentage of death, moribund and live animals in the field was also evaluated and recorded along the coast form scuba divers. A permit for collection of P. nobilis individuals in Campania was issued by the ISPRA Istituto Superiore per la Protezione e la Ricerca Ambientale (Ref.: Prot. 25888 5 April 2018). In Spain the animals were collected following a permission of the Catalonian government in the context of a rescue project of Pinna nobilis individuals (Generalitat de Catalunya, permission of the 17th November 2017). In the other areas moribund individuals were collected in order to define the animal's health status. In every region, animal valve length was measured and opened with a blade to cut the adductor muscles. In each area, from each animals portions of tissues were collected (digestive glands, mantle, labial palps, gills, gonads,adductor and retractor muscles) and were fixed in Davidson's solution and stored for 48 h at room temperature. Complementary tissue used for histopathology were also fixed in absolute ethanol for DNA isolation. For histopathology, tissue samples were embedded in paraffin blocks and sectioned at 5 µm with a rotary microtome (Bioptica, Naples, Italy). Tissue sections were deparaffinised, stained with Carazzi haematoxylin and eosin and special stain like V.O.F. (Verde Luzorange G-acid fuchsin) stain (Gutierrez, 1977) and examined by light microscopy (Zeiss Axioscope A1). In order to define the Mycobacteria presence and distribution, in every tissue per samples Ziehl-Neelsen (Mazzi, 1977) stain was also performed.
MATERIALS AND METHODS

Animal Collection and Histopathology
DNA Isolation and PCR Diagnosis of Common P. nobilis Pathogens
DNA was isolated from tissues using the Qiagen Blood and Tissue Kit (Qiagen). DNA quality and quantity were checked with a Nanodrop ND-1000 spectrophotometer (Nanodrop Technologies, Inc.). In order to define the presence of Mycobacterium sp. and the possible co-existence of Haplosporidium pinnae in the same individual, in all the animals belonging to the different locations DNA was amplified by PCR using the 16S rRNA for Mycobacterium (Böddinghaus et al., 1990) , and for and the small subunit ribosomal DNA (SSU rDNA) for H. pinnae (Catanese et al., 2018 ; Table 1 ). Moreover, in Catalunya samples, specific primers for V. mediterranei were also used (Andree et al., under review). The PCR was performed in 25 µl of reaction volume containing 1 µl of genomic DNA (100 ng/µl), 12.5 µl of GoTaq MasterMix (Promega) at 1x concentration, 6.5 µl of water and 2.5 µl of each primer (10 µM). PCR products were electrophoresed on 2% agarose gels in 1x TAE buffer. Negative controls were also included in all the PCR reactions.
Amplification of Mycobacterial hsp65, ITS and Phylogenetic Analysis
The 65 kDa heat-shock protein family hsp65 has been considered as useful phylogenetic markers for Mycobacteria along with the internal transcriber spacer ITS. Both hsp65 and ITS were used to characterize the Mycobacterium species in all the Italian regions and in Spain. The sequence of the primers and the reference are reported in the Table 1 . The amplified fragments were gel eluted and directly sequenced. The chromatograms were analyzed using the program ChromasPro version 2.6.4 (Technelysium). Regions of similarity between edited and published biological sequences were compared using the BLAST-Basic Local Alignment Search Tool 1 . The pairwise p-distances were calculated among the hsp65 and ITS nucleotide sequences of Mycobacterium sp. obtained in the present study and those of different Mycobacterium species present in GenBank, selected on the basis of the highest BLASTN score. The nucleotide alignment was constructed using ClustalW and the neighbor-joining tree was obtained using the Maximum Composite Likelihood model implemented in MEGA X with 1000 bootstrap replicates (Kumar et al., 2018) .
In situ Hybridizationfor the Detection of P. nobilis Mycobacterium
In order to confirm that the amplified region corresponded to the Mycobacteria detected by histology, a specific probe (326bp) was generated by PCR with primers MycPn7F (5 -GTGGAAAGCTTTTGCGGTGT-3 ) and MycPn7R (5 -CGCTCGCACCCTACGTATTA-3 ) constructed on 16S sequences ( Table 1) using digoxigenin dUTP 25 mM in the reaction mix following a modification of the method described by Lipart and Renault (2002) . Briefly, sections of different tissues of P. nobilis (7 µm thick) from different Italian regions and from Spain, were placed on salinized slides (Sigma), dewaxed with xylene and treated with Proteinase K (100 µg ml −1 ). After dehydration with 95% ethanol and absolute ethanol, tissue sections were air dried and a prehybridization step was carried out with prehybridization buffer (50% formamide, 10% dextran sulphate, 4X SSC, 250 µg ml-1 yeast tRNA) for 30 min at 42 • C in a humid chamber. Slides were incubated overnight at 42 • C with 100 µl of the prehybridization buffer containing the specific probe (20 ng µl −1 ). After hybridization, sections were washed with 2X SSC and 0.4X SSC and the detection of the digoxigenin-labeled probe was conducted. Samples were incubated with anti-DIG-AP antibody solution DIG-1 (1:500 in Tris-HCl buffer, pH 7.5) for 1 h at RT. After that, sections are incubated in nitroblue tetrazolium/bromochloroindolyl phosphate (NBT/BCIP, in Tris-HCl based buffer, pH 9.5) for 1 h in the dark to visualize the hybridized products. The slides were finally counter-stained with Bismarck yellow, dehydrated and mounted using Eukitt (Bioptica, Italy). In order to define the specificity of the probe, in situ hybridization was conducted in tissue sections from aquatic animals infected by other mycobacteria: a zebrafish infected by M. tuberculosis and the common flathead mullet Mugil cephalus infected by M. marinum. Negative controls comprehend samples incubated without the probe were also included.
RESULTS
Mortality Data, Light Microscopy and in situ Hybridization
From north to the south of the Campania Region, including the islands of Ischia and Procida, the monitoring activity of the scuba divers of AMPs revealed a high rate of mortality of P. nobilis ranging from 65 to 100% by the end of December 2017 to May 2018 (Figure 2) . The other Italian regions reported a similar situation (personal communication). In Italian samples, both histopathological and molecular analysis revealed the presence of Mycobacterium sp., Vibrio species, H. pinnae and other parasites like Perkinsus sp. (Table 2 ). In particular, in Italian samples from Tuscany, Sardinia, Sicily, Apulia and Campania the co-occurrence of H. pinnae and Mycobacterium was observed. The Haplosporidium was always detected at the level of digestive tubules in advanced phases of development and scarce plasmodium phases, with instead well visible sporocysts accompanied by light interstitial inflammation (Figure 3A) . In Sardinia, all the three specimens showed both the presence of Mycobacterium sp. and H. pinnae with a co-occurrence of a Perkinsus species in two out of three samples analyzed (Table 2, Figure 3B ). The trophozoites of Perkinsus sp. were detected in the interstitial of connective tissue of inter tubular spaces of digestive gland, constituted by densely packed spherical trophozoites ranged from 10-25 µm in size. They showed a large vacuole, sometimes enclosing a vacuoplast and peripheral nucleus and a clear nucleolus. In the specimen from December 18, a massive digestive gland necrosis was also observed.
In Spain, at the molecular diagnostic, three moribund specimens, three recently death animals and 1 in decomposition resulted positive at the detection of Mycobacterium (7/14-50%) ( Table 3) . In three sample, the presence of V. mediterranei was also observed. Haplosporidium was also present in 1 individual in decomposition, in two moribund individuals and two recently death animals (5/14-36%). The samples positive to both H. pinnae and Mycobaterium sp., histologically showed few sparse plasmodium phases of the H. pinnae distributed in the interstitium of the digestive tissue or of the gonad, with Mycobacterium present within scattered immune cells or forming inflammatory nodules (Figure 4) .
About the Mycobacterium tropism, it was mainly observed at level of the connective tissue of mantle as well as in the fibrous capsule surrounding gonad and digestive gland (Figure 5) . Mycobacteria were present filling one or few aggregates of immune cell expanding within the areas around the gonadal follicles or infiltrating digestive tubules (Figures 5C,D) , and as single or multiple immune cells aggregate rich regions coupled with Brown Cells (Figures 5E,F) .
By using the in situ hybridization technique, the amplified sequence, used as DNA probe, showed to be specific to this Mycobacterium. The probe showed strong to mild label within immune cells in different tissues like mantle epithelium and the underline connective tissue (Figure 6) . This signal was not detected in negative controls or uninfected tissues. Moreover, there was no cross-reactivity with other mycobacteria since the mycobacterial probe did not hybridize with M. tuberculosis in zebrafish and M. marinum in common flathead gray mullet.
PCR Amplification of hsp65 and ITS
Sequences of Mycobacterium
Sequences of 441 bp and 289 bp were obtained for the hsp65 and ITS loci, respectively. For the hsp65, BLAST analysis revealed that the nucleotide sequences of these fragments were homologs of the hsp65 region presenting the 97-98% of identity with Mycobacterium sp. isolated in clinical non-tuberculous isolates (Accession number: AY379077). The hsp65 Mycobacterium sequences isolated from all the areas were very similar, showing a p-distance ranging from 0 to 0.0053. The neighbor-joining tree constructed from the nucleotide alignment of the sequences obtained in the present study and those of different hsp65 Mycobacterium species downloaded from Gene Bank are shown in Figure 7 . The six sequences of the different areas were deposited. Accession number: (MN854405-MN854410).
On the other side, the ITS sequences of Mycobacterium in all the areas showed a p-distance ranging from 0 to 0.0044 showing and identity of 95-96% with a M. triplex isolated in human pulmonary infection (Figure 8) . The six sequences of the different areas were deposited. Accession number: (MN637877-MN637882).
DISCUSSION
The present study describe for the first time the presence of different pathogens, comprehending bacteria and parasites of different taxonomy, co-occurring over P. nobilis MMEs in two different areas of Mediterranean Sea, Italy and Spain, collected in 2018/2019. Concurrent infections by multiple pathogens species are common in human and animals, but how this component affects host morbidity remains mainly theoretical (Griffiths et al., 2011; Johnson and Hoverman, 2012; Groner et al., 2016) . This condition may be more likely happen in immune depressed individuals, more disposed to multiple opportunistic infections, or co-infecting pathogens can interact synergistically with host's immune system, and consequently the presence of one enhances the abundance and/or virulence of the other, with many examples in human disease. Co-infection of mycobacteriosis and parasitic diseases in humans is an important problem in developing countries, where parasite species are simultaneous with Mycobacterium sp. at multiple organ level, also related to the age of the host (Petney and Andrews, 1998; Fenton et al., 2014) .
Mycobacterium species have been documented as an important source of morbidity and mortality in fish aquaculture, as well as in wild animals (Gauthier and Rhodes, 2009 ), but few descriptions exist in bivalves (Grimm et al., 2016; Carella et al., 2019) . Showing to be present at the level of phagocytes as intracellular pathogens . The behavior of mycobacteria within the immune cells of molluscs has not been characterized yet, but previous study in P. nobilis showed granulocyte tropism and no evidence of phago-lysosomal membranes to enclose it .
Mycobacteria are generally visualized in tissue sections using the Ziehl-Neelsen stain, which is based on acid-fastness of the mycobacterial cell wall to acid-alcohol decolorization after staining with carbolfuchsin (Mazzi, 1977) . In this study, apart from Ziehl-Neelsen stain, we also tested a specific probe based on sequences of P. nobilis mycobacterium. In addition to their known infectivity to fishes, aquatic mycobacteria pose significant zoonotic concerns (De Vico and Carella, 2019) . Molecular markers have been used to elucidate the taxonomy of the Mycobacterium of P. nobilis. Although the hsp65 gene has been reported to be the most suitable target for the differentiation of mycobacteria species (Kim et al., 2005b; Mun et al., 2007) , it has also been reported that some discrepancies can exist between hsp65, internal transcribed spacer 1 (ITS1) and 16S rDNA results for species differentiation. When comparing the hsp65 and ITS, we noticed that the 16S-23S internal transcribed spacer region (ITS) had better identification ability. First of all, nor hsp65 or ITS showed 100% of similarity of any type of mycobacteria in Blast associated to the obtained sequences. The hsp65 sequence analysis associates the Mycobacterium to an unknown Mycobacterium species located in the group of M. lentiflavum. On the other side, ITS sequences locate the bacterium close to another human mycobacterium species M. triplex responsible of disease in both immunocompromised and immunocompetent individuals (Piersimoni et al., 2004; Caruso et al., 2013) and reported as causing pulmonary infections in human from different countries (Dias-Campos et al., 2016) . Molecular results support likely a new species of Mycobacteria infecting P. nobilis, close to M. triplex and belonging to the group of M. simiae complex with M. sherrisi.
Two different Vibrio species have been isolated in two geographic areas. Vibrio alginolyticus in Tuscany and Vibrio mediterranei (V. shiloi) in Catalunya. Vibrio mediterranei has been found associated to some disease condition of aquatic animals such as corals and scallops (Rubio-Portillo et al., 2014; Serrano et al., 2018) and associated to P. nobilis mortality in stabled individuals (Prado et al., 2019) . No Vibrio mediterranei have been observed in Apulia (Panarese et al., 2019) and still lack data from Campania Sardinia and Sicily. V. alginolyticus is associated disease of marine animals including fish, crustaceans and molluscs (Balebona et al., 1998; Gómez-León et al., 2005; Ben kahla-Nakbi et al., 2006) . haplosporidian parasites have been major pathogens of concern for aquatic animal health managers and shellfish industries around the world (Arzul and Carnegie, 2015) . The phylum Haplosporidium contains spore-forming protozoan parasites responsible of mortality episodes of both freshwater and marine invertebrates including bivalves, crustaceans, and polychaetes (Arzul and Carnegie, 2015) . In brackish environments the causative agent of MSX disease Haplosporidium nelsoni has contributed to major mortalities in the eastern oyster populations (Crassostrea virginica) along the coast of the United States (Burreson and Ford, 2004) . The new haplosporidian species, H. pinnae is reported associated to mass mortality events of P. nobilis in Balearic Islands (Catanese et al., 2018) , Greece (Lesvos Island) (Katsanevakis et al., 2019) also reported in Italy (Panarese et al., 2019) .
In our study, all the Italian regions resulted positive to both Mycobacterium and Haplosporidium. Few months before, in Campania and Sicily, Carella et al. (2019) reported the main representation of Mycobacterium associated to a strong and systemic inflammatory response. H. pinnae was instead detected in only one sample. Few months later, however, we identified the two pathogens in both the areas. It is interesting to note that, similarly to early report from Campania region in Italy , in Catalunya, where the mortality was at the beginning, we found samples affected by the mycobacteriosis and H. pinnae was less represented. Interestingly, parasites belonging to the Perkinsus genus has been observed in two over three analyzed samples of Sardinia. The genus Perkinsus has been associated with mortalities of molluscs around the world, including oysters, clams, abalones and scallops (Soudant et al., 2013) . The pathogen observed resembled P. mediterraneus, a parasite firstly detected in oysters like Ostrea edulis from Mahon (Minorca, Balearic Islands, Spain) in 2004 and in other mollusc species. Several years later it was also found in Andratx Harbor (Majorca, Balearic Islands) (Casas et al., 2004) in oysters from the Gulf of Manfredonia (SE Italy), in V. verrucosa and Arca noae from Balearic Islands and Chlamys varia from Balearic Islands, Alicant and Delta de l'Ebre (Ramilo et al., 2015) . In some case, simultaneous presence of P. mediterraneus and other important parasites like Marteilia in the natural bed of C. gallina have also been described (Valencia et al., 2014) .
CONCLUSION
Our data underline that many pathogens are associated to moribund animals, among which Mycobacterium sp. and H. pinnae seems to be the most relevant. About possible disease pathogenesis, it is important to emphasize that the data collected in some areas of Catalonia, in accordance with the data of Carella et al. (2019) , show also morbidity/mortality in the presence of Mycobacterium and absence of H. pinnae, suggesting that the mycobacteriosis is most often associated to the condition. Moreover, the samples of Sardinia showed the co-occurrence of other opportunistic pathogens like Perkinsus sp., that can also contribute to animal morbidity. Given the great number of pathogens detected, this study also underline that in future research, the study of a single agent possibly associate to the disease, should be replaced by a diagnostic panel aimed at verifying the simultaneous presence and quantity of multiple pathogens potentially involved in disease pathogenesis. Furthermore, continuous sampling on time scale, rather than punctual sampling, is necessary, to define the role of every single pathogen. Unfortunately, continuous data for the other Italian regions are lacking, and no solid conclusions can be based on single reports. For that reason, the areas where the clinical signs of the disease and the first cases of mortality are displaying, are central to understand disease aetio-pathogenesis. Finally, the multitude of pathogens associated to the disease, as observed in this study, also suggests that the immune status of the animals could be involved in P. nobilis mortality. The inter relationships between multiple pathogens within a host are very complex. The result of our study supports the view recently exposed by Carella et al. (2019) , that there may be a common primary cause, not yet identified, which favors the above condition.
